One of the major limitations of the use of adenoviruses as gene therapy vectors is the existence of preformed immunity in various populations. Recent studies have linked failure of adenoviral gene therapy trials to the presence of antiadenoviral neutralizing antibodies (NAb). Understanding the distribution and specificity of such antibodies will assist in the design of successful recombinant adenoviral gene therapies and vaccines. To assess the prevalence of NAb to adenovirus serotypes 5 and 35 (Ad5 and Ad35), we analyzed serum samples from adult immunocompetent individuals living in The Gambia, South Africa, and the United States by using a neutralization assay. Serum samples were incubated with A549 lung carcinoma cells and adenoviruses encoding enhanced green or yellow fluorescent proteins; results were analyzed by fluorescence microscopy and flow cytometry. Using this technique, we found a high prevalence of NAb against Ad5 in Gambian, South African, and U.S. subjects at both low and high titers. Conversely, all subjects displayed a low prevalence of NAb to Ad35; when present, anti-Ad35 NAb were seen at low titers. Because of the ability of adenoviruses to elicit systemic and mucosal immune responses, Ad35 with its low NAb prevalence appears to be an attractive candidate vector for gene therapy applications.
Natural adenoviral infection has a worldwide distribution. There are presently 51 serotypes of the virus (5, 34) ; most of these serotypes are pathogenic, but many have not been fully associated with specific human diseases. Adenoviruses are attractive for use as vectors because of their ability to infect both resting and dividing cells, their capacity to accommodate large transgenes, the low frequency of integration into the host genome, and the relative ease of production of recombinant virus in the laboratory (22) . Other advantages include the ability of the virus to induce mucosal immunity as well as the feasibility of oral or intranasal administration (28) . Because of these reasons, adenoviral vectors are important in the current search for effective vaccine platforms. In the area of airway and lung gene transfer, the vectors are of particular interest because they are able to infect a wide variety of nondividing cells, have a high affinity to airway epithelium, and exhibit excellent efficiency in gene transfer (21, 15) . Similarly, the use of adenoviral gene transfer may benefit the treatment of chronic inflammatory diseases, such as rheumatoid arthritis (13) , as well as malignancies (4) .
A major hurdle that has prevented the effective application of these vectors is the host immune response, which may manifest as the induction of proinflammatory cytokines, a humoral antibody response that neutralizes the adenovirus, or a cellular immune response that targets and destroy cells expressing adenoviral antigens (2, 18, 19, 36) . The first two immune responses prevent delivery of transgenes to target cells. The acute proinflammatory response is dose dependent (12) and may be prevented by using a low dose of the vector. The cellular immune response may be addressed if needed by deletion of the E2A and E4 genes of the adenoviral vector (1) or by reintroduction of immunosuppressive genes such as E3 (17) . There remains, however, the challenge of circumventing the humoral immunity responsible for the generation of antibody against the adenoviral capsid, which can inhibit cell infection and transgene expression. There are two types of antibodies generated after adenoviral infection: nonspecific total antibodies (TAb) and serotype-specific neutralizing antibodies (NAb). TAb are generated against the adenoviral penton, fiber, core, and hexon (32) . Detectable by enzyme-linked immunosorbent assay, TAb are present in individuals who have been exposed to adenovirus. NAb are generated against the adenoviral serotype responsible for the infection and are specific for fiber, penton, and hexon (31) . The presence of NAb may have a more immediate impact on therapeutic efficacy and the ability to readminister the vector effectively (26) . This role of NAb has been illustrated in a recent study of adenoviral gene transfer in the treatment of rheumatoid arthritis that demonstrated the failure of transgene transfer to synoviocytes as a result of preexisting NAb to the adenoviral vector (13) .
Currently used gene transfer vectors based on adenovirus serotype 2 (Ad2) and Ad5 have serious limitations as vectors (27) . Apart from having naturally infected more than 50% of the adult human population (9) , the infectivity of these adenoviral group C vectors is dependent upon the coxsackievirusadenovirus receptor, which is not present in all human cells (16, 35) . Therefore, a search for other adenoviral serotypes that are independent of the coxsackievirus-adenovirus receptor, display high binding affinity, and have a low human infection rate (25) is necessary to ensure the successful application of adenoviral vector-based gene therapy and vaccine programs. Efforts to acquire adequate knowledge of the distribution and specificity of adenoviral NAb in target populations will ensure safety and enhance both primary and secondary expression of the transgene.
To assess the prevalence of NAb to Ad5 and Ad35, we analyzed serum samples from adult immunocompetent individuals living in The Gambia, South Africa, and the United States by using a neutralization assay. The two populations in Africa were chosen because adenoviral vector application may be helpful in the development of preventive vaccines for the control of endemic African diseases, such as human immunodeficiency virus (HIV), Ebola hemorrhagic fever, and malaria. Serum samples from all subjects were incubated with A549 human lung carcinoma cells and adenoviruses encoding enhanced green or yellow fluorescent proteins; results were analyzed by fluorescence microscopy and flow cytometry. Although production of recombinant virus can be a lengthy process, the neutralization assay can be completed in 24 h. It is, therefore, a rapid and reproducible method of studying the distribution of NAb to adenoviral serotypes in the population.
MATERIALS AND METHODS
Study population. Serum samples from 203 immunocompetent adult individuals were obtained for this study (age range, 17 to 68 years). All subject samples were HIV negative as determined by conventional enzyme-linked immunosorbent assay and/or PCR methods. Sources included the University of the Witwatersrand, Soweto, South Africa (53 samples), the Medical Research Council Banjul in The Gambia (50 samples) and, in the United States, the University of Pittsburgh (50 samples) and the Pittsburgh Central Blood Bank (50 samples). The samples from South Africa were from male and female volunteers. Pregnant women provided the samples from The Gambia. Half of the U.S. samples were from adult homosexual men, whereas the other half was from male and female blood donors. The samples were frozen at Ϫ86°C and banked in the various institutions after collection. Samples were shipped in dry ice to our facility in the Human Gene Therapy Center of The University of Pittsburgh. All the samples were thawed, aliquoted, and stored at Ϫ86°C until assayed. All samples in our study were subjected to identical treatment and storage conditions and were considered of equivalent quality. Approvals for the human subject research studies performed were obtained from the institutional review boards of the three institutions (University of Pittsburgh Exempt Protocol number 020192).
Cell culture. A human lung carcinoma cell line, A549 (American Type Culture Collection), was cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum, 100 U of penicillin/ml, 100 mg of streptomycin/ml, and 2.5 mg of amphotericin B (Fungizone)/ml (all reagents from GIBCO BRL, Gaithersburg, Md.). Cells were cultured to confluence in 150-by 25-mm tissue culture dishes (Falcon; Becton Dickinson, San Jose, Calif.) at 37°C, trypsinized, washed with Hanks balanced buffer, resuspended with DMEM, and counted manually using the trypan blue exclusion method. For the neutralization assay, 10 5 cells were seeded into each microwell of a 96-well flat-bottom plate (Microtest; Becton Dickinson).
Construction of recombinant adenoviruses:. Ad5-based vectors with E1/E3 deleted and expressing enhanced green fluorescent protein (EGFP) were constructed through Cre-lox recombination with reagents generously provided by S. Hardy (Somatix, Alameda, Calif.) (14) . Briefly, a SalI-NotI fragment containing the EGFP gene from the plasmid pEGFP-N1 (Clontech, Palo Alto, Calif.) was inserted into the shuttle plasmid pAdlox and named pAdEGFP. Recombinant adenovirus with an E1/E3 substitution was generated by cotransfection of SfiIdigested pAdEGFP and 5 helper virus DNA into the adenoviral packaging cell line CRE8. Adenoviruses were propagated on CRE8 cells, purified by cesium chloride density gradient centrifugation, dialyzed, and stored at Ϫ70°C. An Ad35 vector with E3 deleted was generated by intermolecular homologous recombination of Ad35 genomic DNA with a plasmid containing enhanced yellow fluorescent protein (EFYP; plasmid pAd35EYFP) after cotransfection into HEK293 cells. pAd35EYFP contains 308 bp of E3 sequence (position 26888 to 27199), an expression cassette containing the EYFP gene under the control of a cytomegalovirus promoter, and the Ad35 sequence spanning position 30405 to the right inverted terminal repeat. This linearized plasmid was cotransfected into HEK293 cells with Ad35 genomic DNA that was pretreated with exonuclease III to remove the single strand of both 3Ј-terminal ends. The expression of EYFP was used to screen for the presence of recombinant virus using fluorescence microscopy. Adenoviruses were propagated on HEK293 cells (American Type Culture Collection), purified by cesium chloride density gradient centrifugation, dialyzed, and stored at Ϫ70°C.
Neutralization assay. The neutralization assay was designed to quantitatively analyze the inhibition of adenoviral transduction by serotype-specific NAb present in diluted human serum samples. Ad5 with E1/E3 deleted and encoding EGFP (Ad5EGFP) and Ad35 with E3 deleted and bearing the gene for EYFP (Ad35EYFP) were used as the viruses. Recombinant adenoviruses were propagated in HEK293 cells, purified on cesium chloride density gradients, and dialyzed against storage buffer. Different cell lines were screened to determine the infection profile of the two viruses; the A549 cell line was chosen because it displayed similar infection profiles for both viruses.
In determining the optimal viral dose for the assay, we considered both the natural infectivity of the virus in A549 cells (in the absence of human serum) and the variability of infection in the presence of varying dilutions of serum containing Ad5-NAb and Ad35-NAb. A background level of greater than 50% but less than 100% cell infection was targeted, and the infectivity at viral particle/cell (Vp/c) ratios of 100, 1,000, 2,000, 4,000, and 5,000 was assessed.
Fourfold serum dilutions (1:8, 1:32, 1:128, and 1:512) were tested. In 96-well flat-bottom plates, 10 8 viral particles of adenovirus/well were combined with different serum dilutions and incubated for 1 h at 37°C. Subsequently, harvested A549 cells (10 5 cells/100 l) were seeded into the wells of each assay plate and incubated for 24 h at 37°C.
Flow cytometric analysis. After incubation, cells were inspected using fluorescence microscopy, harvested, washed, and resuspended in Hanks' solution. EGFP or EYFP expression was analyzed using a FACScan flow cytometer and CellQuest software (Becton Dickinson, Mountain View, Calif.). For each analysis, 1,000 events were collected. Results were subsequently statistically analyzed using Student's t test.
RESULTS
Optimization of conditions for the neutralization assay. To determine the optimal conditions for adenoviral infection of the target A549 cells, infections with Ad5EGFP or Ad35EYFP were performed using different concentrations of viral particles in the absence or presence of various dilutions of serum samples containing NAb (Fig. 1) . Poor cell infection using either Ad5EGFP or Ad35EYFP occurred at a Vp/c ratio of 100; 50% cell infection could not be achieved even at very low serum concentration. A dynamic curve of viral infection was obtained at Vp/c ϭ 1,000 when either Ad5 or Ad35 was used; cell infection increased as serum NAb concentration decreased (Fig. 1 ) When a lower Vp/c ratio was used, the slope of the curve flattened out in the presence of samples with strong NAb to the adenoviral serotype. At higher Vp/c ratios, the slope of the curve increased dramatically; samples with lower-titer NAb were unable to prevent significant viral infection. Thus, to avoid a false-negative result that may occur because of viral saturation, a Vp/c ratio of 1,000 was chosen to perform the assay. NAb titer was determined as the reciprocal of the highest serum dilution that inhibited 50% cell infection compared to controls. In this assay, positivity at 8 and 32 was considered to be a low NAb titer, while neutralization at 128 and 512 was considered a high titer. Thus, all serum samples that did not inhibit Ͼ50% cell infection at 1:8 serum dilution were treated as NAb-negative samples. Each plate included a number of controls. Cells with recombinant adenoviruses (EGFP or EYFP) but no serum dilutions represented 100% fluorescence and, therefore, 0% inhibition of adenoviral transduction. A549 cells with no virus represented the background fluorescence and, thus, 100% neutralization of adenoviral infection. Other controls included previously identified highly negative and positive human samples (Table 1) . Each test serum sample was assayed three or more times to confirm the consistency of the assay. All serum samples were treated identically.
Fluorescence microscopy and flow cytometry analysis. Using the optimized Vp/c ratio of 1,000, A549 cells incubated with recombinant adenoviruses in the presence of various dilutions of test serum samples for 24 h were assessed by fluorescence microscopy and flow cytometric analysis (Fig. 2) . Total fluorescence detected in cells infected by Ad5EGFP or Ad35EYFP in the absence of diluted serum was considered to represent 0% inhibition of adenoviral transduction ( Fig. 2A  and B ; Table 1 ). The background fluorescence detected in incubated cells with no virus represented 100% inhibition of adenoviral transduction ( Fig. 2C and D ; Table 1 ). Test serum samples were analyzed and compared to the controls (Fig. 2E  and F) .
Prevalence of adenoviral NAb in the study population. Using our developed neutralization assay, a high prevalence of Ad5-specific NAb was detected in both Gambian (84.67%; standard deviation [SD], 3.06%) and South African (79.87% [SD, 2.89%]) populations, with moderate prevalence in the U.S. population (37% [SD, 2.0%]); these results were seen at both low and high serum titers (Fig. 3A and Table 2 ). At low titers (8 and 32 together), The Gambia and South Africa groups had 47.33 and 56.60% prevalence, respectively, while the U.S. group had an average of 16.34% prevalence. At higher titers (128 and 512 together), the results in the three populations showed no marked difference; the Gambian and South African populations had 37.33 and 23.27% prevalence, respectively, while the U.S. group demonstrated 20.67% prevalence.
In contrast, a low Ad35-specific NAb prevalence in all three different populations was discovered; only 2.66% (SD, 1.16) prevalence in the Gambian samples, 16.98% (SD, 0) in the South African samples, and 6.33% (SD, 3.22) in the U.S. samples were detected. These results were seen only at low titers ( Fig. 3B and Table 2 ). Using Student's t test, the prevalence of NAb to Ad5 when compared to that for Ad35 in the study populations was highly statistically significant (P ϭ 0.0001).
DISCUSSION
In this study, we analyzed serum samples from adult immunocompetent individuals living in The Gambia, South Africa, and the United States in order to assess the prevalence of NAb to Ad5 and Ad35. Using a neutralization assay, we demonstrated that NAb to Ad5 was found both at low and high titers in all populations. In contrast, only a low prevalence of NAb to Ad35 was seen on both continents, and it was found mostly at low titers. Our findings are similar to other reports. In The Netherlands, Goossens et al. reported that 74% of the studied population exhibited Ad5-NAb and only 4% showed Ad35-NAb, also at low titers (13) . Several studies were performed in the United States. Schulick et al. found a 57% prevalence of Ad5-NAb in an adult U.S. population (29) . In another study, 7 (33.3%) out of 21 mesothelioma patients had NAb to Ad5 (26). Chen et al. found 46% prevalence of Ad5-NAb in prostate cancer patients and 60% prevalence in the normal healthy population (3). Thus, one can conclude that between 33 and 60% of the U.S. population have NAb to Ad5 as a result of natural infection.
While a high prevalence of NAb to group C adenoviruses (Ad2 and Ad5 included) was demonstrable in sera of 75 infants, none had NAb to Ad35 (6) . In addition, a low prevalence on October 11, 2017 by guest http://cvi.asm.org/ of NAb to Ad35 was reported in previous assays of pooled gamma globulin (8) . To our knowledge, there is no previously reported adenoviral NAb study in African populations. Exposure to adenovirus, especially the major viral capsid proteins, usually results in the generation of immunoglobulin G and immunoglobulin A NAb, which attenuate cellular infection upon a second exposure (20, 37) . In the case of Ad5, such circulating NAb have a significant impact on the efficacy and toxicity of systemically administered adenovirus (3) . The use of the Ad5 vector has resulted in fatal toxicity (24) that was attributed to a high dose of vector (25) . In addition, transgene transfer failure because of preexisting NAb was reported in rheumatoid arthritis patients treated with Ad5 (13) . In another study, a lung cancer patient with high a Ad5-NAb titer experienced lower gene transfer (10) .
Because of the limitations of currently used adenoviral vectors (Ad2 and Ad5) and the need to improve transgene expression, a search is required for alternative serotypes that are less prevalent in the human population. Ad35 appears to possess qualities of the ideal adenoviral vector. It has a high binding affinity to human epithelial cells (25) . Recently, it was reported to transduce dendritic cells, smooth muscle cells, synoviocytes (33) , and most human cells (30) more efficiently than Ad5. In addition, Ad35 infection is uncommon in immunocompetent individuals (8) . Our data and that of others (13) demonstrate the low prevalence of Ad35-specific NAb in immunocompetent individuals from several continents, suggesting the low incidence of human infection caused by this adenovirus serotype worldwide. Given the low or absent titer of preexisting NAb in the general population, minimal doses of an Ad35 vector may be used for gene therapy and vaccine applications, thereby reducing toxicity (25) without compromising efficacy. In addition, our investigators have recently generated a replication-incompetent Ad35-based vector with E1/E3 deleted in our facility (11) . By using this vector, the desirable qualities of Ad35 will ensure successful delivery and expression of the transgenes without compromising the safety of the recipients. It may be possible, therefore, to achieve the elusive therapeutic goals with Ad35 vectors.
There are some important limitations of our study. The sample size, which was somewhat limited because of the difficulty involved in obtaining serum samples from the studied populations, will need to be increased. Secondly, we studied only populations in Africa and North America. Although similar results were obtained in a European study, it is premature to make global generalizations. It will be interesting to evaluate similar data from Australia, South America, and Asia.
Continued investigation will be important in considering adenoviral vectors as preventive vaccine platforms for HIV and other infectious diseases because of the global prevalence of adenoviral NAb. Based on our findings and those of others, the use of Ad5 as a vector in the preparation of HIV or other vaccines may require caution in African, North American, and European populations. The results of our study demonstrate the importance of screening target populations for adenoviral NAb to specific serotypes before embarking on large-scale adenoviral vector gene therapy or vaccine programs. This study focused on the determination of preexisting NAb to the candidate vector Ad35 and the commonly used vector Ad5 in three target populations. Given the low prevalence of anti-Ad35 NAb, use of the vector may be suitable for circumventing the humoral response to primary immunization in gene therapy or vaccine applications. Use of the same vector for a second immunization or boost may not be of any therapeutic benefit because of the potential generation of NAb (29) . Based on previous studies (20) , using another vector (serotype) with low preexisting NAb in the population is preferable. Identification of other serotypes with advantages such as those of Ad35 merits further exploration.
Our study did not address the T-cell response to virally infected cells. Cross-reactivity among different adenoviral serotypes arising from recognition by the cellular immune system of adenoviral epitopes expressed by infected cells has been reported (23) . In addition, Flomemberg et al. demonstrated T-cell proliferation in response to Ad35 in individuals without serologic evidence of Ad35 infection (7).
In conclusion, our findings provide a broader picture of the prevalence of NAb to the commonly used Ad5 vector and propose a novel candidate vector based on serotype Ad35. Our discovery of low Ad35-specific NAb in the studied populations supports the feasibility of using Ad35 in future gene therapy and vaccine programs.
